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Monocular zones adjacent to depth steps can create an impression of depth in the absence of binocular disparity. However, the
magnitude of depth is not speciﬁed. We designed a stereogram that provides information about depth magnitude but which has no
disparity. The eﬀect depends on transparency rather than occlusion. For most subjects, depth magnitude produced by monocular
transparency was similar to that created by a disparity-deﬁned depth probe. Addition of disparity to monocular transparency did
not improve the accuracy of depth settings. The magnitude of depth created by monocular occlusion fell short of that created by
monocular transparency.
 2003 Elsevier Ltd. All rights reserved.
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Euclid noticed, in 300 BC, that one eye sees a part of
a sphere not seen by the other eye. Galen, in the second
century AD, described how part of a more distant sur-
face is seen by only one eye. In the 15th century, Leo-
nardo da Vinci drew the diagrams illustrating occlusion
zones on a surface viewed through an aperture, as
shown in Fig. 1a. He explained that the impression of
depth with two eyes arises because each eye sees diﬀerent
parts of objects placed beyond nearer objects. He com-
mented on the role of occlusion zones in creating im-
pressions of depth (Strong, 1979, p. 385). Thus, the
possibility that monocular zones play a role in depth
perception was mentioned before anyone suggested that
disparity between corresponding images had anything to
do with depth perception. After Wheatstone (1838)
demonstrated the role of disparity, people forgot about
monocular zones. Interest in this factor revived only
recently.
Next to a vertical edge of an opaque object seen by
both eyes lies a region of a far surface that is visible to
only one eye, as in Fig. 1b. This is a monocular occlusion
zone (Howard & Rogers, 2002). A region visible only to* Corresponding author.
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visible only to the right eye is a right eye monocular zone.
An object lying in front of a surface is not visible if
the object and the surface have very similar textures and
luminances so that the object is camouﬂaged against the
surface. In Fig. 1c, the near object is camouﬂaged to the
left eye because its image is superimposed on a matching
far surface. However, the right eye can see it because the
near and far surfaces are not superimposed for this eye.
Such a region is a monocular camouﬂage zone. Monoc-
ular occlusion and camouﬂage zones obey the following
geometrical rules:
1. A monocular occlusion zone in an eye is on the tem-
poral side of the near binocular object. A monocular
camouﬂage zone in an eye is on the nasal side of the
far binocular object.
2. A monocular occlusion zone is more distant than the
binocular object, while a monocular camouﬂage zone
is nearer than the binocular object against which it is
camouﬂaged.
Monocular occlusion zones have been ignored in
most theories of stereopsis. Gillam and Borsting (1988)
showed that correctly located monocular zones enhance
the impression of depth created by disparity. Anderson
and Nakayama (1994) reviewed the role of monocular
occlusion in biasing the sign of perceived depth in
stereograms in which disparity is ambiguous. Malik,
Fig. 2. With crossed or uncrossed fusion, in one of the fused images a
phantom white rectangle appears in front of the black lines (adapted
from Gillam & Nakayama, 1998).
Fig. 3. (a) Each stereogram creates three black rectangles. The centre
rectangle appears slightly in front in one stereogram and slightly be-
hind in the other. The white bars help to stabilize vergence, (b) Real
surfaces that would create one of the images (adapted from Gillam
et al., 1999).
Fig. 1. Monocular occlusion and monocular camouﬂage. (a) Leo-
nardo Da Vinci’s drawing of occlusion zones created by viewing a
surface through a slit. Note that Da Vinci used mirror-reversed letters
(adapted from Strong, 1979). (b) Occlusion zones produced by an
opaque object in front of a far surface. (c) The near object is camou-
ﬂaged against the far surface for one eye but is seen as a distinct object
by the other eye.
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how subjects use monocular occlusion as a supplemen-
tary cue to depth.
A more interesting question is whether monocular
zones can create an impression of depth in their own
right in the absence of disparity.
Gillam and Nakayama (1998) designed the stereo-
gram shown in Fig. 2. A white rectangle appears to
stand out in one of the fused pairs of images. This ste-
reogram seems to be free of disparity artifacts or ver-
gence-induced disparity. The depth must therefore arise
from monocular occlusion only.
Gillam, Blackburn, and Nakayama (1999) con-
structed a display like that shown in Fig. 3a. Each eye
sees a gap where the other eye sees only a black surface.
The real 3-D display that would produce these images is
depicted in Fig. 3b, and this is the impression created. Itis as if the visual system partitions the black region seen
in one eye into two halves and matches each half with
one of the squares seen by the other eye. The wider the
gap the greater the perceived depth separation between
the squares. Gillam et al. used a similar display, but with
only one gap, and found that the perceived depth mat-
ched that created by a disparity-deﬁned depth probe for
gap widths up to about 160 , the largest width used.
In these displays, the sign of depth is unambiguous
but the magnitude of depth is unspeciﬁed. For example,
in Fig. 4 the surfaces in the two displays are at diﬀerent
relative depths although the images in the two eyes are
the same, given that the surfaces have the same lumi-
nance with no visible edges between them. The basic
Fig. 4. The two displays produce the same images in the two eyes, even
though the distances between the two surfaces are not the same.
Fig. 5. (a) Crossed or uncrossed fusion creates an impression of a
square beyond a transparent surface in one fused image and of a
transparent square in front of a surface in the other fused image. (b)
Fusion creates a set of squares beyond a transparent surface and set of
transparent squares in front of a surface. In both cases, the magnitude
of depth increases with the extent of displacement of the square relative
to the vertical bar in the image of one eye. (c) The physical arrange-
ment that would create these depth eﬀects.
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horizontal extent of the occluded object, although the
viewer may make a default assumption about how much
of the object is occluded.
To remove this ambiguity we designed the stereogram
shown in Fig. 5a. Crossed or uncrossed fusion creates
two fused images. In one of the fused images a grey
square is seen beyond a transparent grey surface of the
same luminance and containing a vertical gap. In the
other fused image, the square appears transparent and
in front of the surface containing the gap. In each case,
for the image in one eye (centre panel of Fig. 5a), the
square just ﬁlls the gap so that the vertical edges of the
square are not visible. For the image in the other eye,
the square is laterally displaced relative to the gap.
When the images in Fig. 5b are fused, the squares on one
side appear beyond the surface and those on the other
side appear in front of the surface. The greater the
horizontal oﬀset of the square relative to the vertical gap
in one eye, the greater the perceived depth.
These eﬀects do not arise from monocular occlusion
because nothing is occluded. They arise because one
eye’s image contains information that either the square
or the surface is transparent. One eye sees the whole
square. The other eye does not see the square because it
just ﬁlls the gap. If it did not just ﬁll the gap, that eye
would see a region of transparency. Thus, information
about the size of the square is provided to both eyes.
Both the sign and magnitude of depth are speciﬁed if the
viewer uses the available information. Fig. 5c shows a
plan view of the physical arrangement that would create
the depth impressions seen in Fig. 5b. We refer to thehorizontal oﬀset of the square relative to the gap as the
‘‘pseudodisparity’’ of the square. It is not an actual
disparity because only one eye sees the vertical edges of
the square. The position of the edges in the other eye
must be inferred.
There are no conventional disparities in these dis-
plays. However, we must consider the following possible
types of disparity.
1. Vergence tends to be induced when the image in one
eye is not horizontally symmetrical with respect to
that in the other eye. Vergence can induce disparity
between the vertical edges of the gap relative to a de-
fault zero disparity of the monocular square. But this
cannot be the main cause of our depth eﬀects because
they are just as strong in Fig. 5b in which both im-
ages are symmetrical. Also, most observers that we
have asked see one set of squares nearer than the bin-
ocular surface and the other set beyond the surface.
Vergence cannot induce opposite depths at the same
time.
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horizontal disparity with respect to the correspond-
ing vertical edge located above (or below) the gap
seen by the other eye. Disparity between these edges
would not generate depth because they do not lie
along the same horizontal meridian and, in any case,
they have opposite luminance polarities. Edges with
opposite luminance polarity do not create impres-
sions of depth.
3. One could imagine a subjective contour forming be-
tween the upper and lower segments of the gap in
the image in which the vertical edges of the square
are not visible. Depth could then arise from disparity
between this subjective edge and the visible vertical
edge of the square in the other eye. In Fig. 6b we have
distorted the vertical edge of the gap and of the
square in one image. This distorted edge of the
square could not form an eﬀective disparity with a
straight subjective edge formed in the other eye, yet
the depth percept is similar to that produced byFig. 6. Controls for spurious disparities. (a) The standard monocular transp
one edge of the element and one edge of the gap in one image are not straigh
the monocular element and a subjective vertical edge in the other image. It is a
and a matching shape hidden in the other image, as depicted in (d). (c) The m
are much shorter than the width of the gap in the other eye. The depth eﬀec
element and the edges across the gap. Also, each corner in one image has a m
Depth is therefore not due to disparity between corners.Fig. 6a. It is as if the visual system matches the image
of the distorted square with a similar shape hidden in
the image of the other eye, as depicted in Fig. 6d.
4. The left hand corners of the monocular square seen
by one eye have a disparity with respect to the left
hand corners in the other eye. To discount this possi-
bility, we have narrowed the monocular element and
the gap in one eye’s image. Now all corners of the gap
have matching corners in the eye seeing the monocu-
lar element and all pairs of matching images have
zero disparity, as illustrated in Fig. 6e. Nevertheless,
the monocular element appears in depth and the grey
protruding tab on the right appears in the plane of
the background surface.
5. There is a disparity between the horizontal edges of
the monocular square and the edges across the gap.
In Fig. 6c the horizontal lines diﬀer in length, which
would create slant in depth. The depth created by this
stereogram is nevertheless similar to that created by
(a). This also conﬁrms that depth is not due to dis-arency stereogram. (b) The monocular element appears in depth when
t. The depth eﬀect is therefore not due to disparity between the edge of
s if the visual system detects a disparity between the monocular element
onocular rectangle appears at the same depth when its horizontal edges
t is therefore not due to disparity between the edges of the monocular
atching corner in the other image with zero disparity, as shown in (e).
Right-eye images Left-eye images
(a)
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ement and a subjective vertical edge in the other eye.
We designed the following experiment to test three
hypotheses. (1) A display with real disparity produces
the same depth as that produced by an equivalent
pseudodisparity of the monocular transparency display.
(2) Addition of a real disparity to the monocular
transparency display does not increase the accuracy of
its perceived depth. (3) Depth produced by monocular
transparency is more similar in magnitude to that cre-
ated by real disparity than is depth created by monoc-
ular camouﬂage.(b)
(c)
Fig. 7. The three stereograms used in the experiment. (a) Depth cre-
ated by monocular transparency. (b) Depth created by the monocular
transparency display with added horizontal disparity. (c) Depth cre-
ated by monocular camouﬂage. In each case, subjects adjusted the
disparity of a binocular depth probe placed beneath the test square to
match the depth of then test square.2. Methods
2.1. Stimuli
The images for the stereograms were generated by a
G4 Macintosh computer on two monitors, at a viewing
distance of 48 cm. The two images were viewed through
a Wheatstone stereoscope consisting of two mirrors at
45. All surrounding surfaces were black.
We used three types of stereogram:
1. A monocular-transparency stereogram, as shown in
Fig. 7a. This stereogram creates the impression of a
grey transparent square in front of a lighter grey ver-
tical gap in a grey surface. The square and surface
have the same luminance. The vertical edges of the
square are invisible to the right eye because, for that
eye, the square just ﬁlls the vertical gap. Both vertical
edges of the square are visible to the left eye because,
for that eye, the square is displaced relative to the
gap. The part of the square overlapping the region
adjacent to the vertical gap is darkened to create
the impression of transparency.
2. A monocular-transparency stereogram with added
disparity, as shown in Fig. 7b. This stereogram is sim-
ilar to the ﬁrst one except that both edges of the
square are visible to both eyes because the square is
darker than the background. Depth is therefore spec-
iﬁed both by transparency and by conventional hori-
zontal disparity.
3. A monocular-camouﬂage stereogram, as shown in
Fig. 7c. This stereogram creates the impression of a
grey slanted rectangular surface protruding from a
gap in an opaque grey surface. The monocular ele-
ment is invisible to the right eye because it ﬁlls the
vertical gap. One vertical edge of the monocular ele-
ment is visible to the left eye because, for that eye,
the element is laterally displaced relative to the gap.
The other vertical edge of the monocular element
cannot be seen because the element has the same lu-
minance as the surface. Note that the monocular ele-ment must be at least as wide as the gap, but is
otherwise unspeciﬁed.
In each type of stereogram the square subtended 5.4
(4.5 cm) and the vertical gap was 19 high and 5.4 wide
(16 cm · 4.5 cm). The background grey surface was 26
(22 cm) high and 33.7 (30 cm) wide. In the left eye’s
image the square was always centred in the vertical gap
so that its vertical edges could not be seen. In the right
eye’s image the square was displaced to the right relative
to the vertical gap by the following amounts: 0.0,
0.010, 0.21, 0.42, 0.84, 1.67, and 4.21. These dis-
placements correspond to depth displacements of the
square towards the viewer of 0.0, 0.64, 1.3, 2.5, 4.7, 8.6
and 16.9 cm.
In each stereogram, a circular depth probe, 2.4 (2
cm) in diameter, was placed in the lower half of the
vertical gap, as shown in Fig. 7.
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had normal stereoscopic vision.
2.2. Procedure
The observer’s task was to adjust the horizontal dis-
parity of the images of the depth probe until the probe
appeared in the same depth plane as the test square.
Sometimes, the black square in the camouﬂage stereo-
gram appeared curved or slanted, in which case the
observer set the probe to the point on the square closest
in depth to the observer. In each trial, the depth probe
was started at a random depth within the range 12.5 cm
in front of or beyond the gap.
We used a repeated measures design with two factors:
stimulus type (3 levels) and disparity level (7 levels). The
observers completed three sessions, each lasting ap-
proximately 12 min. In each session, an observer was
tested six times on 7 square displacements for one
stimulus type. The order in which test displays were
tested was counterbalanced across 9 of the observers.Fig. 8. The disparity of the depth probe that subjects set to match the
depth of each of the test objects, as a function of the pseudodisparity of
the test objects. (a) Mean data for all 10 subjects. (b) Mean data for
seven subjects who obtained good depth impressions.3. Results
The mean results for the 10 subjects are shown in Fig.
8a. The graphs show the disparity of the depth probe
required to match the perceived depth of each of the test
objects at each of six pseudodisparities. The settings for
the monocular transparency display and the transpar-
ency display with disparity were very similar over the
whole range of pseudodisparities. Above a pseudodis-
parity of 0.8 the settings for these two conditions fell
below veridical values. However, this was due almost
entirely to three subjects who could not see much depth
in any of the test objects. The settings of the other seven
subjects for these two conditions remained close to ve-
ridical values, as shown in Fig. 8b. The settings for the
monocular occlusion display above a pseudodisparity of
about 0.2 fell well below veridical values for all but one
subject.
The data were ﬁrst analysed with respect to constant
errors. In almost all conditions, the disparity of the depth
probe was less than the disparity (or pseudodisparity) of
the test object when probe and test object were judged to
be at the same depth. An analysis of variance (ANOVA)
was performed using 3 test displays (transparency,
camouﬂage, transparency with disparity) and 7 disparity
levels for each test display (lateral oﬀset of the test
square). This revealed a signiﬁcant eﬀect of test display
[F ð2; 8Þ ¼ 15:59, p < 0:002] and of disparity level
[F ð6; 4Þ ¼ 47:26, p < 0:001]. Separate analyses were
performed to reveal diﬀerences between each pair of test
displays. Disparity settings of the probe for the monoc-
ular transparency display were signiﬁcantly diﬀerent
from those for the monocular camouﬂage display[F ð1; 9Þ ¼ 33:226, p < 0:0001]. Disparity settings varied
with disparity level [F ð6; 4Þ ¼ 26:469, p ¼ 0:004], and
there was a signiﬁcant interaction between test display
and disparity level. Disparity settings for the monocular
transparency display were not signiﬁcantly diﬀerent from
those for the transparency display with disparity
[F ð1; 9Þ ¼ 10:379, p ¼ 0:554 ns]. Disparity settings for
these stimuli varied with disparity level [F ð6; 4Þ ¼ 73:795,
p < 0:0001], but there was no signiﬁcant interaction be-
tween test display and disparity level [F ð6; 4Þ ¼ 0:744,
p ¼ 0:272 ns]. Disparity settings for the monocular
camouﬂage display were signiﬁcantly diﬀerent from
those for the transparency display with disparity
[F ð1; 9Þ ¼ 31:725, p < 0:0001]. Disparity settings varied
with disparity level [F ð6; 4Þ ¼ 18:927, p ¼ 0:007], but
there was no signiﬁcant interaction between test display
and disparity level [F ð6; 4Þ ¼ 6:031, p ¼ 0:052 ns].
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ability of the disparity settings of the depth probe
(standard deviations). ANOVAs performed on standard
deviations of disparity settings revealed that for none of
the test displays did disparity settings become signiﬁ-
cantly more variable as the disparity of the test display
increased. Also, there were no signiﬁcant overall diﬀer-
ences in the variability of settings between the three test
displays or between any pair of displays. The only sig-
niﬁcant interaction [F ð6:4Þ ¼ 14:05, p ¼ 0:012] arose
from the fact that the diﬀerence between the monocular
transparency display and the monocular occlusion dis-
play became slightly more variable at larger disparity
levels.4. Discussion
We designed a stereogram in which one eye sees a
grey square, oﬀset with respect to a light grey vertical
gap in a grey surface, and the other eyes sees the square
just ﬁlling the gap. Depending on the direction of square
oﬀset, the stereogram creates the impression of a
transparent square in front of a surface or of a square
beyond a transparent surface containing a vertical gap.
We refer to this depth eﬀect as monocular transparency.
We have shown that the depth eﬀect is not due to any of
several possible sources of binocular disparity. We call
the oﬀset of the monocular element with respect to the
gap its pseudodisparity. For seven of 10 subjects, the
depth created by pseudodisparities of between 0 and
4.5 in a monocular transparency display matched the
depth created by an equivalent real disparity in a depth
probe. For all subjects, the depth created by monocular
transparency alone was very similar to that created by
monocular transparency plus real disparity. This is the
most important comparison because it shows that depth
created by monocular transparency is just as great as
that created by disparity when the displays are otherwise
identical.
For pseudodisparities up to 120, all subjects accu-
rately matched the depth created by monocular cam-
ouﬂage with that created by real disparity. In these
cases, subjects must have assumed that the monocular
element was just as wide as the vertical gap in the other
eye, although they had no objective evidence that this
was the case. Gillam et al. (1999) found that depth
created by monocular occlusion matched that of a dis-
parity-deﬁned depth probe over a disparity range of 180.
They did not test at higher disparities. For our subjects,
with larger disparities, depth created by a given
pseudodisparity in the monocular camouﬂage display
fell progressively below that created by an equivalent
disparity of the depth probe. It also fell below thatcreated by the same pseudodisparity in the monocular
transparency display. With the monocular transparency
display subjects did not have to assume that the mon-
ocular square was just as wide as the gap, because the
whole square was visible.
In conclusion, we have demonstrated a new form of
stereopsis that does not depend on explicit binocular
disparity or on monocular occlusion. Overall, the results
allow us to conclude the following. Depth judgments of
a monocular transparent square with various levels of
pseudodisparity closely match those of a disparity-
deﬁned depth probe for most subjects (Hypothesis 1).
Addition of real disparity to a monocular transparency
display has no eﬀect on the magnitude of perceived
depth (Hypothesis 2). Finally, the magnitude of depth
created by monocular transparency more closely mat-
ches that created by real disparity than does depth cre-
ated by monocular camouﬂage (Hypothesis 3). The
diﬀerence between depth created by monocular trans-
parency and that created by monocular camouﬂage be-
comes more apparent as the pseudodisparity of the test
object increases.Acknowledgements
Support for this research was provided by Grant 195-
01 from the National Science and Engineering Research
Council of Canada. We thank Antonie Howard for
checking the manuscript.References
Anderson, B. L., & Nakayama, K. (1994). Towards a general theory of
stereopsis: binocular matching, occluding contours, and fusion.
Psychological Review, 101, 414–445.
Euclid. (300 BC/1945). Optics (H.E. Burton, Trans.). Journal of the
Optical Society of America, 35, 357–372.
Galen, C. (175). De usa partium corporis humani (M.T. May, Trans.).
Ithaca, NY: Cornell University Press.
Gillam, B., & Borsting, E. (1988). The role of monocular regions in
stereoscopic displays. Perception, 17, 603–608.
Gillam, B., & Nakayama, K. (1998). Quantitative depth for a phantom
surface can be based on cyclopean occlusion cues alone. Vision
Research, 39, 109–112.
Gillam, B., Blackburn, S., & Nakayama, K. (1999). Stereopsis based
on monocular gaps: metrical encoding of depth and slant without
matching contours. Vision Research, 39, 493–502.
Howard, I. P., & Rogers, B. J. (2002). Seeing in Depth. Toronto: I.
Porteous.
Malik, J., Anderson, B. L., & Charowhas, C. E. (1999). Stereoscopic
occlusion junctions. Nature Neuroscience, 2, 840–843.
Strong, D. S. (1979). Leonardo on the eye. New York: Garland.
Wheatstone, C. (1838). Contributions to the physiology of vision––
Part the ﬁrst. On some remarkable and hitherto unobserved
phenomena of binocular vision. Philosophical Transactions of the
Royal Society, 128, 371–394.
